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Over the past decades, the evolution of the Internet has had a deep influence on almost all
aspects of human life. The number of Internet users has continued to grow, and human life
has become ever more dependent on the Internet and information technology; however, the
availability of Internet remains scarce in some areas of developing regions due to a lack
of communication network infrastructure. In such areas, such as rural areas and remote
islands, the construction of new infrastructure is not cost effective because of geographical
considerations or because the small and scattered population provides few potential users.
This dissertation reports two typical scenarios and proposes a low-cost solution for infor-
mation networking using existing infrastructure rather than creating new infrastructure from
scratch. This can be achieved by (i) stationary multi-hop wireless networking on static facil-
ities and (ii) store-carry-forward-based ad-hoc multi-hop wireless networking using vehicle
transportation infrastructure. These networks offer promising solutions for data commu-
nications in rural areas by expanding the coverage area and overcoming the limitations of
standard communication systems in these environments.
Wireless multi-hop networks have been developed to provide connectivity without the
need to install area-wide wired links. These are of practical importance because of their
lower cost, rapid deployment, and flexibility compared with wired line networks. They are
suitable for applications wherein a normal communications network infrastructure is un-
available, such as agricultural monitoring, emergency response systems, and electrical facil-
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1.1 Information networks in rural area
Internet technology has evolved as a major need for human life aspect. It transforms the
humanity into the information age in which can provide knowledge instantly. People can
study through the Internet, access the digital content, and collaborate with college remotely
in all around the world. Refer to the world internet statistic [10], 46.5% population in the
world enjoying Internet facilities, the higher region is in the North America as 87.9%, Europe
as 73.5%, and Oceania/Australia as 73.3%. On the other hand, as a developing region,
Asia and Africa has a lower population that connected to the Internet, as 40.2% and 28.6%
respectively.
Some areas in developing region are classified by a rural area due it lack of supporting
infrastructure (road and electricity) and geographical condition (remote island). These are
the reason why the penetration of Internet in the developing regions is very low compared
with the developed regions. Furthermore, the cost to provide Internet communication in a
rural area became very expensive as the user is very small. The location of some area with
the lack of proper roads or located on the remote island that makes them difficult to reach
affected the instability and deficiency infrastructure, maintenance and operational costs is
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2.1 Static multi-hop wireless networks
Multi-hop wireless networks are referred to multiple wireless nodes collaborate to provide
communication between source and destination in the different area. They are of practical
importance due to their lower cost, rapid deployment, and flexibility compared with wired
networks in connecting or covering nodes in an area where single-hop wireless networking
is not sufficient to work. As we discussed in the previous section, there are two fundamental
issues in multi-hop wireless networks. Recovery of lost messages due lossy unreliable wire-
less radio links can be considered either in a reactive manner, i.e., ACK and NACK-based
retransmission (ARQ), or in a proactive manner, i.e., message-level forward erasure correc-
tion (FEC) and bit-level forward error correction. On the other hand, two types of Media
Access Control (MAC) schemes can be considered to avoid/reduce simultaneous transmis-
sion conflictions, the contention-based such as CSMA/CA and the scheduling-based such
as Time Division Media Access (TDMA). For the first issue, an FEC-based transmission
was proposed in [32], [33], it achieved reliability by adding redundancy to transmitted pack-
ets. Then in [34] and [38] proposed XOR-based network coding to the loss recovery of
reliable broadcast transmission in wireless networks. He et al. [35], proposed BPR, a Bit-
11
CHAPTER 2. RELATED WORK
2.2. DELAY TOLERANT NETWORK (DTN)
CHAPTER 2. RELATED WORK
2.2. DELAY TOLERANT NETWORK (DTN)
CHAPTER 2. RELATED WORK
2.3. COMMUNICATION CHALLENGE IN RURAL AREAS
CHAPTER 2. RELATED WORK
Chapter 3
Message Transmission Scheduling on
Tandem Multi-hop Lossy Wireless Links
In this chapter, we target a tandem multi-hop transmission model on static (stationary) nodes
with lossy unreliable wireless links, which can be seen in facility monitoring scenarios where
multiple stationary nodes (sensors that can relay messages) are serially arranged along a
road, river, or power transmission tower network as shown in Figure 3.1. In this example,
a stationary sensor node located at each power transmission tower monitors the facility and
periodically generates a monitoring message. Each message is relayed on a lossy unreliable
wireless link between two neighbour sensor nodes, which is eventually bound for a single
central management server via one of the gateways at the both edges of the network, e.g.,
electric power substations.
Each node periodically generates a message every T time-slots, and should be relayed
to gateways X or Y in a duration of T time-slots in a store-wait-and-forward manner. Link
quality (e.g., loss rate) may be bad and independent, because the facility itself not optimized
for wireless communications. Random packet losses are uncorrelated in space and time. No
interference, two active links are distant, more than two hops in the same direction and one
hop in the opposite direction using omni antenna without special cancellation. Our goal is
19
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Chapter 4
Comparison of DTN Routing Protocols in
Realistic Scenarios
In this chapter, using the opportunistic network environment (ONE) simulator [28], we an-
alyze the performance of different SCF routing protocols in DTN to reveal their advantages
and disadvantages in scenarios close to real-world practical situations using cars, buses, and
a ferryboat on two islands. We investigate four routing protocols Epidemic (EP) [7], Max-
Prop (MP) [14], PRoPHETv2 (PV2) [13], and Direct Oracle (DO our proposed routing in
[5]) by varying the number of created messages, the message size, the transmission range,
and the transmission speed using three performance metrics; total size of delivery messages,
delivery probability, and overhead ratio.
4.1 Routing Protocols in DTNs
Message forwarding through DTN is a challenging problem. In recent developments, a lot
of algorithms have been incorporated to provide maximum throughput and improve delivery
ratio. Almost all forwarding and routing schemes use an asynchronous message passing
(also referred to as store-carry-forward) scheme. Of the four protocols, MP, PV2, and DO
39
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Chapter 5
Spray Router with Node Location
Dependent Remaining-TTL Message
Scheduling in DTNs
In the island scenario, the source and destination nodes are located in separate areas (e.g.,
islands) connected by limited relay nodes (e.g., a ferry). The ferry periodically shuttles
between the two islands and is a bottleneck for end-to-end delivery because it is the only
way to convey messages between the islands. More specifically, the messages left behind
must wait for the next ferry, which may take a substantial amount of time. Further, since the
ferry takes time to make the trip, some messages may expire during the trip.
This chapter presents the spray-and-hop-distance-based with remaining-TTL considera-
tion (SNHD-TTL) routing protocol, which is illustrated in Figure 5.1. This protocol com-
bines the following three techniques: (1) binary spray for fast and limited message deliv-
ery, with the aim that each message spreads quickly (i.e., with small reduction in the re-
maining TTL) to a predefined number of nodes, preventing buffer full conditions; (2) hop
distance to destination-based forwarding to prevent unnecessary message transmissions to
nodes logically-located further from the destination, this feature actually prevents messages
57
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Chapter 6
Spray and Hop Distance Routing
Protocol in Multiple-island DTN
Scenarios
In this chapter, we consider DTN delivery over multiple-island which consists of four islands
connected by ferry via station on each island. One source node located in city island, two
destination nodes located in the small island, and one island as relay island located among
source node and destination nodes. Unnecessary transmission may occur during message
delivery i.e., forwarding message to the wrong destination island, which affected the resource
consumption (i.e., buffer storage and bandwidth) will be increased. The ferry as a gateway,
periodically shuttles among the ferry stations on each island, it affected bottleneck for end-
to-end delivery, because it is the only way to convey messages between islands. Further,
since the ferry takes a time to make the trip, some messages may expire during the trip.
Considering the above unnecessary transmission and bottleneck, we modified the spray
and hop-distance protocol (SNHD) from our previous work [2]. The modification done by
adding the decision to reset the limit of message copy (L) based on the location of message
to maintain the number of message copy on each island, we use static node (ferry station) to
91
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In this dissertation, we introduced a design for low-cost wireless information networks using
existing infrastructure for use in remote or rural areas. Our solutions are case-specific and
consider the local conditions and applications. Two technologies were used: (i) stationary
multi-hop wireless networking on static facilities and (ii) storecarryforward-based ad-hoc
multi-hop wireless networking using vehicle transportation infrastructure.
In Chapter 3, we introduced a framework for message transmission scheduling on a tan-
dem multi-hop transmission model over an existing facility such as electric power transmis-
sion towers. Some links are lossy because the existing facility was not constructed to provide
relay nodes for wireless multi-hop networking. By applying mathematical optimization, we
were able to obtain a static assignment solution for the number of time-slots assigned to each
link. In addition, we introduced a simple XOR network coding-based scheme for proac-
tive message transmission using the proposed static time-slot assignment. Simulation results
showed that the probability that all messages were successfully delivered to the server (via
gateways) using our proposed framework was comparable to and sometimes even better than
that achieved by ACK-based reactive recovery schemes, despite these being both more com-
plex and costly. This suggests the effectiveness of our approach that combines static global
time-slot assignment to eliminate interference with local message selection for transmission
107
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